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By Bonne C, Look
SUMMARY

Performance tests of the thermal i1ce~prevention
equipment, developed for the B-1l7F alrplane by the Ames
Aeronautical Laboratory, have been conducted at the NACA
Ice Research Project, Minneapolie, Minn., in cooperation
with the Materiel Command, U.S. Army Air Forces. Temper-
atures of the heated surfaces, structure, and clrculating
air and the dir-flow rate and quantlity of heat through
the system were obtained during flights in dry air (no
vieible meigture) and in natural icing conditions. Obser-
vatlional and photographic data were obtained of the sus-
ceptiblility of the proteoted and unprotected areas of the
airplane to ice formations.

The performance tests of the thermal ice-preventlon
equlpment indicated that, with a few exoceptions, satis-
factory protectlon was provided for all protected sur-
faces. The heat supplied to the empennage was not suffi-~
clent to provide complete protection in the most severe
loclng condlitiones encountered, and the wing tips were sub-
Jeot to 1cing. Yor all perts of the alrplane where the
deslgn specificatlions were realized, protection was pro-
vided by the thermal ice-prevention equipment without ap~
parent deleterious thermal effects on the structure.
Where the specifications were not satisfied, the system
failed to prevent completely the formation of ice. It was

_ further substantiated by the results of the reported

tests that sufficlent data are available for the deslign
of thermal ice-prevention equipment for airplanes which

will provide protection from icing.

INTRODUCTION

For the past several years the NACA has beaen exten-
sively engaged in an investigation of the prevention of
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ice formation on airplanes by the use of thermal ice-
prevention equipment utiliging the heat of the exhaust
gases from the airplane's engines. As a part of thie
program, the AAL has designed and tested thermal ice-~
prevention equipment on a Lockheed 12A airplane (refer-
ence 1) and on a Consolidated B~24D girplane (reference
3). Also, at the request of the Materiel Command, U,S,
Army Air Forces, the AAL has developed a thermal ice-
prevention eystem for the Boeling B-17F airplane. A de-
scrliption of thlis design, an outline of the design anal-
ysis, and a presentation and discussion of flight-test
thermal data secured in dry alr are reported in reference
3.

The flight tests of the thermal 1ce-prevention equip-
ment on the B-17F airplane reported herein have been con-
ducted 1n natural icing conditione for the purpose of
supplementing the flight tests described in reference 3,
to gtudy the operation of the ice-prevention system in
1cing conditlions and to obtain thermal data which may
assligt in extending the development and use of this type
of equipment. The flight operations were conducted at
the NACA Ice Research Project, Minneapolils, Minn., during
the months of January, February, and March,1943. JFlights
were planned with the cooperation of the U.,S. Weather
Bureau and the Northwest Airlines dispatch office.

DESCRIPTION OF THE ICE-PREVENTION EQUIFMENT

The B~17F alrplane equipped with the thermal ice-
prevention system 1g illustrated in figure 1. TFigure 3
ls the general layout of the installation which is de-
ecribed in detall in reference 3. The detalls of the
ice-prevontion system deesign for the wing and empennage
are shown 1n figures 3 to ?, The instrumentation of the
equipment was the same as reported in reference 3; how-
ever, the exhaust-gas temperatures were rot obtained for
the tests conducted at the Ice Regsearch Project. The
thermocouple and venturl-meter locations are shown in
figure 8, All temperatures were determined with irqn-
constantan thermocouples and a Lewlg direct-reading po-
tentiometer.

Facllitlies for heating the pilot's and copilot's
windshields were not included in the lce-prevention
equipment installed at the AAL because an extensive 1ln-
vestigation was being conducted elsewhere by the Army Air



Forces. The need of a windeshield heating system became
apparent, however, after the initial flights in icing
conditions had been made, Hence, a temporary heating
system for the pilot's windehield was installed which
utilized the service windshlield and defrosting installa-
tlon. The service windechield conslsted of two panes of
glase with an approximate 3/8~inch gap between, main-
talned by a plastic spacer around the edges of the glass.
The defroster located at the forward lower corner of the
windshileld directed heated air, supplied by the service
cabin-heating system, against the inner surface of the
inner pane of glass. ©Slots were out in the forward and

.aft plastic spacers of the windshield and the defroster

outlet was replaced with a distridbution header to direct
the heated air into the forward slot. The normal flow of
heated air to the defroster was increased by the instal-~
lation of a small-blower, driven by a l-horsepowver elec-
tric motor, in the supply duct. The alr passed between
the two panes of glass and exhausted into the pilot's
compartment through the slot in the aft edge of the wind-
shield. Two thermocouples were installed in the systenm;

.one in the heated-alr supply duct at the inlet side of

the blower and onse in the windshileld ailr-exit gap. A4
method of obtaining the heated-air flow rate was not
avallable.

A strut to serve as an unprotected surface for the
observation of 1ce accumulations by the flight personnel

" was mounted on the left side of the fuselage at the aft

edge of the radio compartment window. The use of an 1ce
indicator which would automatically control the lce-
prevention system had been considered, but was not em-~
Ployed on the test airplane.

The lialson radio eservice antenna lead-in wire,
which extended from the upper surface of the left wing to
the left side of the fuselage in a direction approximate-
ly 45° to ths air stream, was replaced with a rudber-~
covered 1/16-in¢ch steel cable to decrease the effect of
precipitation statlic on radio communication and withetand
the loads imposed by heavy formations of ice.

LI N L L A L TR LR, - a - dedssimide o y -

TESTS

In general, the pracedure followed during thg icing
flights was to make first a preliminary vertical and



horizontel traverse of the reglon of probadle icing to
establish the boundaries of the icing area, and to deter-
#iine the severity of the lclng conditlon. After the pre-
liminary survey was completed, the airplane was flown in
the 1cing region for a sufficient length of time to allow
complete observations to be made of the operation of the
thermal ice-prevention equipment. A total of seven
flights in iclng conditlons and two in dry alr was con-
ducted. During four of the flights in icing conditions
and the two in dry air, temperatures of the heated sur-
faces, structure, and circulating alr were obtained. The
alr-flow rate and quantlity of heat through the system were
also determined., Observational and photographic data of
the protection afforded by the thermal ice-prevention
system were obtained during all the icing flights.

During the majority of the flights in icing regions
the engines were operated at crulsing-power conditions of
approximately 28 inches of mercury manifold pressure and
1800 rpm engine speed. To investigate the effect of an
increase in engline power on the operation of the ice-
prevention equipment, one test was made at engine nower
conditions of approximately 31 inches of mercury manifold
pressure and 2100 rpm engine speed.

The airplane was 1lnspected after each flight in
order to note ice amccumulations on aAlrplane parts not
vielble to the observers durlng flight and to study the
formation of ice still adhering to the alrplane,

RESULTS

The conditions under which the tests were conducted
are shown in table 1. Varlations in the rate of icing on
different parts of the airplane made it imposeible to de-
fine accurately the severlity of the 1cing for the various
conditions. A designation of the severity of the lecing
conditions, arbitrarily chosen to provide a means for
comparing flights, has been included in table I, The
lightest iclng condition encountered has been designated
as 1 and the most severe condition as U4, PFlight, en-
gine, and thormal data, which were taken for seven test
conditions, are presented in tadles II, III, and IV.
Complete thermal data were not obtained during test 1;
however, the data obtained have been included becaunse the
lowest temperature icing was encountered on this flight,



and a comparison of these data with the data taken durlng
other .flighte 18 believed to be of interest. The thermal
data 1nclude the quantity of heat supplied by the ex-
changers and the temperatures of the circulating air,
heated surfaces, and.structure. The chordwise distrldu-~
tlon of the wing outer-panel skin temperature rise is
pregented in figures 9 to 16 for the seven teste. The
thermooouple designations given in the tables correspond
to those shown 1in figure 8. In the interpretation of the
thermal data the installation details described in refer-
ence 3 should be consldered. ZFrom laboratory tests of
alr and skin thermocouple installations which were simi-~
lar to those used on the B~17F airplane, it was found
that under 4dry-alr conditione the maximum error indicated
for the alr temperatures was *3° F and the error of the
skin temperatures was from 6° to 8° F.

The wing outer panels from stations 19A to 33 were
free from lce formations during all the icing condi-
tions encountered. Ice formed on the wing-tip leadling
edges during all the icing flighte. The unheated landing-
light cover and the leading edge at the wing svlice ac-
cumulated ice as shown in figure 16, Tigures 17 and 18
are photographs of the right and left wing inner panels
and 1llustrate the partial protection afforded the right
wing lnner panel, between nacelles 3 and 4, by the lce-
prevention system.

The heating installation for the carburetor and
intercooler air inlets for nacelle 4 was not satisfactory.
All the alr inlets located in the wing leadling edge and
the elbow in the ducts from the carburetor and inter-
cooler inlets, vielble from the inlet, accumulated ice.
(See figs. 19, 20, and 21.) During the flights in icing
the operation of the engines did not appear to bde af-
fected by the observed 1cing of the inlets.

The 1ce-prevention system in the empennage prevented
devere acocumulations of ioce, but several reglions on the
heated leading edge and aft of the heated portion of the
vertical and horizontal stabilizers were not adequately
heated to provide complete protection during all icing
conditions encountered, as shown.-in. figures 32 to 30,

The report of the pilots indicated that the ice accumula-
tions 41d not noticeadbly affect the stability or the con-
trol of the airplane during flight in the icing oondl-
tions.



The partial protection afforded the pillot's wind-
shield by the temporary heating system is illustrated 1in
figures 31 to 34, The lower portion of the windshield
wvas protected at all timee, as shown 1n the figures, and
provided a clear area for the pilot's use. Observations
of the lolng of the windows during fllght are presented
in tableg V and VI,

The heating provided for the heat-exchanger inlets
prevented ice formation durlng all except the most severe
icing conditions.

Ice accumulations on unprotected surfaces of the alr-
plane are shown in figuree 36 t0 46. The unheated por-
tione of the wing leading edge, the engine cowls, the
front of the fuselags, the upper and ball gun turrets,
and the housings for the fuel booster pumps and the loop
antenna accumulated ice. Tormations of ice were also ob-
served during the more severe conditions on the fuselage
brasler-head rivets aft of the rasdio compartment, and on
the running and identification lights on the dorsal fin,

Several small cracks were found at the forward end
of the heat exchanger which was installed 1n nacaslle 1,
This was the vnly evidence of failure observed when the
lce~preventlon system was lnspected after testing had
been completed.

DISCUSSION

The test airplane was flown in icing conditions for
a total of 9% hours. The ice-prevention equipment pro-
vided sufficieni protection to allow extended flights to
be made in all icing conditions encountered. Icing was
encountered at temperatures of -1° to 13° F and 200 to
300 ¥, and at a maxiwum altitude of 12,000 feet. The
maximum altitude at which thermal data were obtailned was
9500 feet.

The susceptibility of unprotected surfaces of the
alrplane to ioing is illustrated in figures 20, 237, 33,
42, end 43.. The ice accumulations shown resulted frpm
limited flight in icing conditions and indicate the ne-
cesslty of providiing protection for airplanes to be flown
in inclement weather.



_ During tests 4 and 6, in which the most severe 1oing
conditions were encountered, a 20-'to 25-mile-per-hour de-
crease ln indlcated asirespeed was observed for a constant
engine power condition., This decrease in airspeed was
not only evidenced by the ailrspeed indicator, dbut also by
a decrease 0f the air-flow rate through the ice-prevention
system, which resulted in an observed increases of the
heated~alr temperature. It ie probable that the ice ac~
cumulations on the unprotected or insufficlently heated
parts of the airplane caused this 'decrease in airspeed.

Wing Outer Panel

The ice-prevention equipment for the wing outer
panel from stations 19A to 33 consisted of corrugated
sheets attached to the outer skin which directed the
heated alr against the inner face of the wing skin. The
corrugated sheets, separated at the leading edge to pro-
vide an opening for the heated air to enter the chord-
wise passages, terminaeted at approximately 15 percent of
the wing chord. After flowing through the chordwlee pas-
sages the heated air passed into the interior of the wing
and dlscharged through the ailleron gap.

Viaual observations made during flight and immedl-
ately after landing indicated that the wing outer panel
wag protected from ice accumulations at all times durilng
the testsn. It was not possible to obtain any photographs
of the oondition of the wing outer panel during flight;
however, an example of ice formation on an unheated re-
glon of the wing leading edge, which was accumulated dur-
ing test 7, 1a shown in figure 16. Thie 1ice formation 1is
on the right landing-light cover and extends over the un-
heated leading edge at the wing splice. The heated lead-
ing edge may be observed to be gcompletely clear of 1ice.
The heating equipment was frequently employed during take-
off and climd without visible damage to the wing structure
or heating equipment,

.. .Thermal date for the wing outer panel, taken during
five flighte in i1icing conditions end two flighte 1n dry
alr, are glven in table III, During the flights in locing
conditlions the maximum structure temperature observed was
1249 ¥, correeponding to a temperature rise above ambient
alr of 100° ¥, The highest structure tempersture ob-

served, 163° ¥, or 123° T above ambient air temperature,



vas recorded during previously reported dry-alr flights
in the vioinity of Moffett Field, Calif,, (reference 3)
for level flight at 10,000 feet pressure altitude when
the temperatures of the heated and ambient alr were
higher than for any condition encountered during the
testing in the vicinity of Minneapoelis, Minn.

The design of the ice~prevention syetem was based
upon a spanwige air temperature drop of 40° ¥, For the
icing flights the average spanwise air temperature drop
between 8 tations 23Y%; and 33 was 49° I and for the dry-
air flights was 34° ¥, The reversal of the spanwise gra-
dlent of the heated alr and skin temperatures between
stations 22% and 30 was probably due to the method by
which the heated region between statione 20 and 21 was
supplied with heated air (fig. 3).

The average wing outer-panel skin temperature rise
forward of the 1l5-percent—-chord point varied from approx-
imately 60° to 70° F for the flights in icing conditions,
and was approximately 80° ¥ for the flights in dry air.
It was observed that the lowest value of the average tem-
perature riese 0f the wing outer-panel leading edge was
obtained in the most severe icing conditions (teste 4 and
6). The data for these tests indicate that the increase
of engine power resulted in a 5° ¥ increase of the aver-
age skin temperature rise of the forward 16 percent of
the wing outer panel,

An approximation of the heat flow through the for-
ward 1656 percent of the wing outer~panel skin was deter-
mined from the average alr temperature drop through the
chordwlise passages and the alr-flow rate to the wing
outer panel. The approximate heat flow through the skin
per square foot of wing leading-edge surface, the differ-
ence between the average temperature of the heated alr in
the corrugatlong and the amblernt air temperature, and the
average velocity of the alr passing through the chordwlse
passages are presented for tests 3, 4, 5, and 7.



Test number 3 4 5 7

Heat flow through wing
leading-edge surface,
Btu/(hr)(eq ft). . . ... | 2200 | 1180 | 1470 | 1210

Difference, average ailr
tempsrature in corruga-
tions ‘and ambient air, ’ .

O v . e e e e e e e e 129 116 1186 139

Average velocity of alr in
oorrugations, ft/sec . » 60 656 66 66

The data recorded during flight in icing conditions
(tests 3, 4, and 7) indicate that the wing outer panel
vas protected with a total heat flow through the wing
leading-edge surface of approximately 82,000 Btu per hour,
which was approximately 5O percent of the total heat sup~
Plled to the leading-edge syetem and provided an average
skin tempesrature rise forward of the 16-percent-chord
point of from 650° to 70° F, The total heat flow through
the wing leading-edge surface was practically constant
for the same engine power conditions during the dry-air
and 1lcing flights, bDut the skin temperature rise was 10°
to 30° F greater during the dry-air flights than during
the 1cing flilghts.

Wing Tip

The heated air for the wing tip was obtalned from
the interior of the wing outer panel after flowing through
the leading-edge chordwiee passages. The alr entered a
gap between the wing skin and an added outer skin through
holes in the leading edge of the inner skin and discharged
at the end of the double~skin region on the upper and
lower wing surfades (fig. 4).

The protection afforded by the wing-tip system was
not sufficient to prevent the formation of ice on the
leading edge. Accumulations of ice were observed on the
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wing tipe during every flight in icing conditione. The
thermal data obtained for the wing tip, given in tadle
III, indicate that the average skin temperature rise of
the heated leading-edge surface was approximately 20° F
during the icing flights and 36° T during the dry-air
fllghtse.

The previously reported tests of the ice-preventlon
systenm (reference 3) indicated that the protection pro-
vided for the wing tips might be inadequate, but the ur-
gency of testing the equipment in icing conditions pre-
vented altering the system. It 1s probable that the use
of alr which had first been passed through the wing
leading~edge system and the absence of duoting to direct
the alr to the wing-tlp leading edge were responeidle for
the fallure of the lce~prevention system to proteot the
wing tips, ’

Wing Inner Panel

The 1ce~prevention system for the wing inner panel
conglisted of an inner skin attached to the wing skin ex-~
tending over the forward 4 perocent of the leading edge,
top and bottom, to direct the heated air against the in~
ner face of the wing skin, The heated air was admitted
into the gap between the outer and inner skine at the
lower surfece of the wing and was discharged into the
wing interior at the gap outlet on the uppser surface.
The supply of heated alir for the right wing inner panel
was obtained from the heat exchanger in nacelle 3. The
loft wing inner panel was revised in the same manner as
the right wing, but was not connected to a supply of
heated air, pending the possidble installation of a heat
exchanger in nacelle 2, Protection was not provided for
the oil-cooler inlets located in the wing inner-panel
leading edge adjacent to the engine nacelles,

The upper surface of the wing inner panel was visi-
ble during flight, and light accumulations of lce were
observed in this region during tests 4, 5, and 7. Flgure
17 18 a photograph of the heated region of the wing inner
panel vigible during test 7. Most of the ice accumula-
tion cshown has formed on the o0il-cooler inlet for englne
4 and not on the heated region of the wing leading edge.
The oll=cooler inlet was observed to accumulete ice dur-
ing every flight in icing conditions. ¥igure 18 shows
the unheated wing inner panel between necelles 1 and 2
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during the flight when figure 17 was obtained, A compar-
igon of these two figures 1llustrates the degree of pro-
tection afforded by the heating system in the right wing
inner panel, .

The air temperature at the entrance to the double-~
skin region and at the heated-air exit gap, and the 'dkin
temperatures at one wing station are given in table IV
for the heated wing leading edge between nacelles 3 and
4. The skin-~temperature data-indicate a considerabdble
chordwlise temperature drop from the lower to the upper
surface of the heated region, in the direction of alr
flow, varying from approximately 700 to 110° ¥, The av~
erage value of the skin-temperature rise varied from 360°
to 66° ¥, the lowest values being obtained during the
most severe icing conditions (tests 4 and 6).

The degree of protection afforded by the test instal-
lation indicates that thies design may prove satiefaotory
if the gap between the outer and inner skine was increased
or tapered in order to decremse the heat logt by the alr
to the wing lower surface. The application of an instal-
lation similar to that employed 1n the wing outer panel
would ingure a more satlsfactory temperature distridution,
and although it might involve installation difficulties
not encountered in the test alrplane, the resulting sys-
tem would be superior.

Carburetor and Intercooler Inlets

An experimental ice-prevention installation was
provided for the lower lips only of the carburetor and
intercooler air inlets for engine 4. Heated alr was di-
rected against the lower edges of the inlet openings
through flattened outlets of a l-inch~diameter dranch
from the supply duct to the wing outer panel.

The heated inlets were not visible to the flight
personnel during flight, but ice accumulations were o0b-
served on these inlets after landing, similar to the for-
mations shown in figure 19, which 1s a photograph of the
intercooler air inlet for engine 1, Figures 20 and 31
show further examples of ice accretions on the air inlets.
An accumulation of ice in the elbow:-of the ducts leading
from the air inlets in the wing leading edge to the en-
gines was observed after most of the icing flights. The
most severe accumulations were observed after landing
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from test 7, at whioh time figure 19 was obtained and
shows ice on the turning vanes in the duct elbow, aft of
the inlet., During flights ice was observed to accumulate
on the inlets of the 0il coolere to the extent that the
inlet area was decreased to approximately one-half the
normal area. The ice accumulated on the inlete did not
appear to affect the operation of the engines during the
reported limited flights in 2éing conditions. However,
during extended operation in inolement weather, it is
probable that the inlets may become sufficlently obstructed
with ice to prevent desired o0ll cooling and eliminate the
carburetor and intercooler inlets as a source of air,

The instrumentation of the heated carburetor and
intercooler inlets for engime 4 consisted of one thermo-
couple on the lower edge of each intake., The skin tem-
peratures recorded during flight indicate a temperature
rise of approximaetely 20° to 40° ¥ during icing condi-
tions, and 309 to 40° F in dry-air conditions (table III),

The results of the flight tests indicate that the
experimental heating system provided for the carburetor
aend intercooler inlets of engine 4 was unsatisfactory.

It 18 probable that an installation which provides for
directing heated alr againet the entire inlet, instead of
the lower portion only, to achieve a ekin temperature
rise comparable to that maintained on the leading-edge
gurface of the wing outer panel, will prevent the accumu-
lation of 1ce on the inlets.,

Horizontal Stabilizer

The ice-prevention installation on the horizontal
stabllizer utilized an outer skin attached to the stabi-
liger skin to provide a passage for heated air. The air
entered the gap between the lanner and outer skins through
holes in the leading edge of the inner skin, and was dle-
charged at the end of the double-skin region on the upper
and lower surfaces of the stebilizer. The design of the
horlzontal stablilizer lce~prevention system was based
upon a heated-air temperature of 250° ¥ and an average
skin temperature rise of 90° ¥ at an altitude of 18,000
feet. 4 reported in reference 3 these design values
were not realised during the tests of the equipment at
Moffett Field, Calif., but in view of the limited time
avallable for completion of the 1nstallation, the system
wag not altered to meet the design speclfication,
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During all the icing flights the heating system pre-
vented the accumulation of i1ce on the majJor portion of the
hdated Tegion. The areas of the leading edge which were
not adequately proteoted to prevent the amccumulation of
ice during all conditions were at the tip, at midspan,
and about 10 inches of the leading édge at the Junction
of the horizontal stabilizer and fuselage. The extent to
vhich the horizontal .stabllizer accumulated ice 1s shown
in figures 22, 23, and 34, In the nost severe icing con-
ditions (tests 4 and 5) ice was observed to form on the
aft region of the heated double—-skin and on the upper and
lower surfaces of the horizontal stabiliszer aft of the
heated leading edge (figs. 23, 24, and 25).

Flgure 26 18 a photograph of the left horizontal sta-
blllzer showing 1ce formation on the tip, which was the
only part of the stabllizer to accumulate 1ce during test
7. Figure 37, a photograph of ice formation on the right
horizontal stabilizer tip taken after landing from test 7,
shows the 1ce formation extending beyond the heated por-
tlon of the leading edge almost to the point of tangenoy
with the alr flow, Ice accumulated on the extreme tips
of the stabilizer during every flight in icing, indicat-
ing that the heated reglion should be extended completely
around the forward faclng curve of the tip,

The ice formations which accumulated on the leadiling
edge of the horizontal stabilizer were found to be at the
inboard, midepan, and tip regions where the distributlon
duct had been discontinued and the heated alr dlischarged
into a chamber through a l-inoh-~diameter hole in the end
of the duct (fig. 6). The thermocouples which indicated
the leading-edge skin temperatures were located in or
near the regions where ice acoumulated and, therefore,
may not give a true indication of the temperature rise
of the protected portion of the leading edge. The ther-
nal data, given in table IV for the horizontal stablilizer,
show an average skin temgerature rige for the leading
edge of approximately 30 ¥ for tests 1, 3, 4, and 5, and
66° ¥ for test 7. During the dry~air flights (tests 2 and
6) the average skin temperature rise was approximately
40° ¥, The increase in engine power conditions (test 5)
did not materially affect the skin temperature rise or
the degree of protection afforded by the lce-prevention
system, The heated—air flow rate to the horizontal sta-
bilizer was not obtained, bdut the total welght of alr
supplied to the empennage group was determined and the
distribution of the air to the horizontal and vertlecal
stabllizers was based upon the skin temperature rises.
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The protection of the horiszontal stabilizer probadly
would be improved by an inorease in the quantity of heat
supplied and an elterablon of the distribution system at
the tip, midepan, and inboard seotions of the leading
edge to conform to the system used in the protected re-
glons.

Vertical Stabilizer

The vertical stabilizer leading edge was heated 1im a
manner simllar to the-horigontal stabilizer. Heated air
was admitted into a gap, formed by the vertical stabilizer
sklin and an added outer skin, through holes in the lead-
ing edge of the 1lnner skin and dlescharged from the gep at
the end of the double—~skin region on both sides of the
stabllizer. The dorsal and fin systems were essentlially
separate, being divided at their Junction which was not
provided with a double ekin {(fig. 7).

In the preliminary dry-air tests of the ice-preven-
tion equlipment, reported in reference 3, it was found
that the heating of the vertical stabilizer was below the
deslgn value, but not to a serious degree. The results
of the flight tests in icing 1ndicate that three small
areas of the leading edge were not sufficiently heated.
The unsatisfactorily protected reglions of the vertical
stabilizer are shown in figures 28, 29, and 30, which
were obtalned during icing flighte of tests 4, 6, and 7.
The ice on the leading edge at a point approximately mid-
vay between the base and the top of the vertlcal stabil-
lizer 18 1n the vicinity of the dcreal and fin Junetlon,
Ice formations aft of the heated leading edge, which are
visible on both sides of the vertical stabiliger in fig-
ures 38 and 29, were observed only during the most severe
icing conditions of teste 4 and 5, The increase in en-
gine power for test 5 did not produce any apparent change
in the degree of protection afforded by the ice-prevention
gystem for the vaertlcal stabilizer,

The bPbrazier-head rivets in the forward portlon of
the dorsal and top of fuselage, and the lights in the
dorsal leading edge accumulated ice as shown in flgures
28, 239, and 30, These 1ce accumulations probadly con-
tributed to the decrease in airspeed recorded during
tests 4 and 6, Although the heating of the entire lead-
ing edge of the dorsgal eseems impractical, figure 239 il-
lustrates the desirability of extending the heated :
double skin at leaet 1 foot farther forward on the dorsal.
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The thermal data for the vertical stabilizer, given
-in %able.I¥, indiogate that the heat distridbution along
the leading edge was not satisfactory. The average -
leading~edge skin temperature rise for tests 3, 4, and b
varied from approximately 40° ¥ on the dorsal to 109 F on
the fin tip and for test 7 from 60° ¥ on the dorsal to
20° ¥ on the fin tip. Tor the Ary-air flights, tests 2
and 6, the average skin temperature rise was approximately
60° ¥ on the doresal and 15° T on the fin tip. During all
tests the highest skin temperature riee was recorded at
the lowest measuring station on the fin leadling edge.
The air-flow rate to the vertical stabilizer was not ob-
tained, but the total amount of heated air supplied to
the empennage was determined.

The heating of the fin tip might be improved by elim-

inating the bypass duct in the fin distribution aystem
and utilizing the leading-edge duct system throughout.
An lncrease in the quantity of heat supplied to the ver-—
tical stabllizer probably would prevent the accumulation
of 1ce aft of the leading edge and provide protection for
the leadling edge at the dorsal and fin Junctilon,

Windehield

The pilot's:héated windshleld, adapted from the serv-
ice windehield and defroeting system, was protected from
ice accumulations on the lower portion, as shown in fig-
ures 31 and 32. Figure 33 1s & view of the windshleld
exterior, obtained from the aft top window of the bombard-
ier's compartment during test 3, and illustrates the sus-
ceptibility of the windshield to icing. Although the
pllot's windshileld was not completely protected during
flight in 1c¢ing oondltions, it was obegerved to clear more
rapldly than did the unheated copilet'e windshield when
the alrplane was flown out of the léing conditlons, as
gshown in figure 34,

Visual observations of the windshield during tests
3, 4, and 6 are presented in tables V and VI. The aver-
age temperature of the heated alr supplied to the wind-
~-shiedd was:approximately 180° F, and several measurements
of the air at the outlet gap indicated an averagée temper-
ature of approximately 120° ¥,

Although an increase in the quantity of heated alr
supplied to the pllot's windshield might have provided
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more complete protection, the results of the test indicate
that the adaption of the service windshield and defrost~
ing system would not produce an installation which would
be satisfactory for all icing conditions. It 1is probable
that, by decreasing the gap between the two panes of
gless, a satisfactory heated windshield might be developed
which utilizes the same source of heated alr as did the
reported temporary installation,

.Windows

The pllot's windehield was the only window provided
with a systen to prevent accumulation of 1ce. The bomb-
slght window was a double~pane installation similar %to
that originally provided for the pilot's windshleld, with
a defroster located at the base of the windown to direot
heated alr against the inner face of the inner pane of
glags. Observations were made of the windows to deter-
mine the susceptibility to icing. The resulte of odbsger-
vations made during tests 3, 4, and 5 are given in tables
V and VI, The icing of the bomb-sight wiandow was, in
moet ocases, 80 intense that vielon was completely ob-
structed, During the teste the upper and ball gun tur-
rets were positioned with the sighting windowe aft, and,
therefore, the ice accumulations noted are on the back of
the turrets. These observations have been included be-
cause they show the amount of ice which may accumulate on
the forward regilon of the turret. The ice accumulations
noted on the gun turrets in tables V and VI probadly
would have obstructed vieion completely if the gun-sight
windows had been facing forward. The scattered icing on
the windows of the walst hatches and the tall gunner's
compartment was not as severe as the icing observed on
the bomb-sight window and on the upper and ball turrets,
but was suffliclent to interfere with unobstructed vision
through these regions.

Photographs of the ice remaining on the upper gun
turret, on the ball turret, and on the front of the fuse-
lage, after landing from flight test 7, are presented 1in
figures 35, 36, and 37, respectively. During flight, the
ice extended over a greater area of the regions than is
shown in the figures, but some of the ice was lost after
leaving the icing condition., The results of these obser-
vations indicated that protectlon should bde provided for
the windows used by the gunners, the bombardier, and the
pllot 1f the alirplane 1e to bde successfully flown in in-
clement weather,
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Engine Cowls

The unprotected leading edge of the ergine cowls ac-
cumrulated ice during all tests. The lcing of the cowle
during flight may be seen in figures 38 and 39, which
wvere teken during test 3, and in figure 40, taken during
test 7. The upper portion of the leading edge of the
cowls did not accumulate as much ice as did the lower
portion. It appeared that the engine heat provided par-
tial protection for the engine cowls, A heating systenm
deslgned to utilize the engine heat probadly would pro-
vide complete protection for the engine cowls.

General

In addition to the wing, empennage, fuselage, and
engine cowls, unprotected objects, such as the airspeed-
head support masts, the housings for the loop antenna and
the fuel booster pumps, and the drift sight were observed
to be subject to icing. TFTigure 43 1s a photograph of ice
formations accumulated during teset 7 on the drift sight,
the loop-~antenna housing, and the left alrspeed-head sup-
port mast. The 1ce accumulations observed on these un-
protected protrusions and on the rivets and running
lights (figa. 28, 29, and 30) 1llustrate the extreme im-
portance of aerodynamic cleanness.

The severity of icing on the airaspeed-head support
mast 1e shown in figure 44. This figure is a photograph
of the right alrspeed-head mast taken at the same time
figure 43 was obtained. The static-pressure openings in
the alrspeed head are located about 2% inches forward of
the support-mast leading edge. The ice accumulation
shown in the figure extended to within 1/8 of an inch
from the atatic openings, and is an exampls of the ice
formatlon accumulated during many of the flights. An ac-
cumulation of this magnitude was found to affect the alr-«
speed reading as much as 20 miles per hour at crulsing-
power conditione. .

Ro attempt was made to prevent the accumulation of
"ice on the'radio-entennas...In figures 238, 29, and 30 lce
formations may be seen on the antenna wire of the command
radio. The rubber-covered steel cable which wag 1n-
stalled in place of the service lead-in wire for the 1li-
aison radio accumulated ice as shown in figure 45. The
scattering of ice on the antenna in figures 28, 29, and
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30 was caused by vibrations of the wire, which broke up
the accumulation., The lead-in wire for the limison radio
dlid not vibrate as much as did the command-radio antenna
and, therefore, the ice formation on this wire was only
slightly broken up. (See fig. 45.) Ice formations on
the command-radio antenns were never as severe as the mo-
cretions on the liaison-radio antenna lead-in wire, which
may be attributed to the fact that the liaison~rsdio an-
tenna lead-in wire was approximately 45° ¥ to the slip-
stream and the command-radio antenna was approximately
parallel to the slipstream.

Ice which accumulated on the radio antennas did not
interfere with the operation of the radio. The metal
shlelde installed forward of the lead-in antenna insula-
tors (fig. 46) prevented ice from forming on the insula-
tors, and both the command-radio antenna and the liaison-
radio antenna lead-~in wires successfully carrlied the max-
idum ice formations which accumulated during the flights.

Figure 45 showg the ice-indicating strut which was
mounted on the left side of the fuselage at the aft edge
of the radio-compartment window, The ice formation on
the gtrut leading edge was accumulated during test 7.
Another lllustration of ieling on the strut is shown in
figure 46, The ice formations shown on the strut illus-
trate the amount of ice which may accumulate on unpro-
tected surfaces during flight 4in icing conditions. The
variation in thickness of the ice on the strut prodadly
~was due to lnterference of the fuselage.

The two-pogition control valves for directing heated
alr into the ice-~preventlion system or overdboard after
passling through the heat exchangers failed to operate
during many flights due te¢ & mechanical fallure of the
valve plate and linkage mechanism, Ingpesction revealed
that the control motore operated satisfactorily, but did
not actuate the valves because of the mechanical fallure
of the linkage to the valve plates. A more rigid con-
struction of the valve assemblies probadbly would have pre-
vented this failure,

The exhaust-gas-to-alr heat exchangers used in the
tests were extended surface-fin type manufactured for the
ice—~prevention installation by the Stewart-Warner Corpo-~
ration, and are descrided in reference 3, The heat ex-
changers were inspected during the teesting at the Ice
Regearch Project and no indications of failure were ob-
served, After completion of tests the alrplane was

.
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returned to the AAL. An inspection revealed a failure at
the forward end of the heat exchanger in nacelle 1. When
the inspection was'made, the exchangeres had been tested
for a total of 70 hours, the last 15 hours having been
added after the final inespection at the Ice Research
Project. This observed fallure 'of the heat exchanger
conslsted of gseveral circumferential oracks in the wall
at the forward end. Discoloration of the metal indicated
that the exchanger hed not been sufficiently cooled in
the region where the oracks occurred. Since no slgns of
fallure were observed on the heat exchangers installed in
nacelles 3 end 4, which were tested for the same length
of time as was the exchanger in nacelle 1, it 1s believed
that satlsfactory distribution of cooling alr would have

prevented the fallure of the exchanger installed in na-
celle 1.

CONCLUSIONS

The following conclusions are based on the resultes
9f the reported flight tests of the thermal ice-preventlon
equlpment installed on the B~17F airplane:

l, In all parts of the ice-prevention equipment
where the design gpeclflications were realized, they were
demongtrated to be satisfactory and should prove adequate
for any similar installation, Where the design specifi-
catlions were not satisfied, the system falled to prevent
completely the formation of ice.

2. The resultes of the reported flight tests further
substantiated the fact that sufficlent data are availa-
ble for the design of thermal ice-preventlion equipment
for airplanes which will provide proteotion from icing.

. 3. Ample heat for ice prevention may be suppliled
without apparent deleterious thermal effects on the wing
struoture,

.Ames Aeronagutical Laboratory,
National Advisory Committee for Aeronautics,
Moffett Field, Calif,
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TABLE I.- FLIGHTS IN IOING CONDITIONS MADE IN THE B-17F AIRPLANE EQUIFPED
WITH A THERMAL ICE-PREVENTION SYSTEM

Test number! |-——-— 1 3 4,.5 7
Date . . » . |2-23-U43 [2-24-U43 [3~3-U3|3-H-U3 |3-13-U3 |3-1U-U43 |3-27-43
Time in icing

condition, X N
br, . « . & 15 1/2 3/4| 1/2 2 2 25

Anbient-air
temperature
range during|20 to 27[-1 to 104 to 89 to 11|24 to 30|24 to 309 to 13
icing, °F ,

Altitude 3000 | 4000 to| U500 6000 300C 4000 9500
range in to |5000 and to to to to to
icing, £t . 4300 | 8000 to| 7000 7000 4000 4300{ 12,000

10,000

Severity of
leing? . . 2 1 1 2 3 4 2

Type of ice Glaze Rime| Rime Rime Glaze Glasze Rime

:Tor reference to tables II, III, and IV.
Arbitrary index of icing severity; the least severse icing is designated
as 1, the most severe as Y. '




TABLE II.- FLIGHT AFD ENGINE DATA RECOEDED DURING FLIGHT TESTS OF THE B-17F AIRPLANE THEEMAL IOE-FREVENTION BQUIPMENT a‘a

Test BUMDOr = « o o o « o« o o » 1 1y 3 4 5 3 7
e e e e e e e Level Level Level Level Level L L

Gondition fl1ght £11ght flight| flight| slignt fient fiignt

Date =+ + o o o v e a s - 0o 2-2u-l3|  2-2h-43 3-13-U3| 3-14-U43| 3-1h4-U3 3-18-43 3-27-43

3:30 p.m.| U:15 p.m.{ 3.00 p.m.|1:15 p.m.{2:00 p.m. 11:45 a.m. |12:00 noon
Time thermal data were teken. . to to to . to to to to
4:00 p.m.| 4:45 pom.| 3:L5 p.m.{2:U45 p.m. |2:30 p.m. 12:15 p.m. [12:30 p.m.

Location. « « « ¢+ « o ¢ ¢ « » . |[Green Bay, |Eau Claire, |Bau Claire,| Duluth,|{ Duluth, | Sioux Falls, Bengon,
Wis. VYie. Wis. Minn, Minn, S. Dak. Minn.

Pressure altitude at which ther- 7500 to

mal data were taken, ft. . . . 7100 Y250 3850 1350 4000 4000 9500

Ambient air temperature, °F . . 2-3 -5 26 21-27 23-26 17-19 12-13

Corrected indicated airspeed, mph| 170-175 170 170| 172-150| 180-155 170 170

Manifold pressure, in. Hg.:

Engine 1 v v v o o s 0 0 0 o o 27 28 271.5 28 31 28 28
Engine 3 « v o + ¢ 2 4 v s o s @ 27 28 28 28 31 28 28
Englne 4 . . . v 000 v e . 27 28 28 28 31 28 28
Engine speed, rpm:

Bogine 1l « o ¢ o o v 0 o v 0 u » 1740 1740 1750 1750 2060 1640 1750
Engine 3 o o« o o e 0 s 0 oo . 1800 1800 1800 1800 2100 1700 1800
Bogine b v e v e e e v n oo v 1800 1800 1800 1800 2100 1700 1800

1flight in dry alr.



TABLE III

RESULTS QF FLIGHT TESTS OF THE THERMAL ICE-PREVENTION EQUIPMENT
INSTALIED IN THE RIGHT WING OUTER PANEL OF THE B-l7F AIRPLANE

TThermo- a 2
couple Test number 1 32 3 4 5 6 7
number

Pressure altitude, ft « = = = = -~ - - - =~ = -=1 7500 4250 3850 4150 4000 4000 9500
Corrected indiceted airspeed, mph = « = = ~ - - 175 170 170 | 172~150 | 180-166 170 -
Amblent-air temperature, OF = = - = = - ~ - - - 3 4 26 22 25 | 18 13

IWeight of air to outboard section, Ib/hr - - - 2540 2860 2B60 2940-2420 [3330-2870 | 2820 2160

A40 Temperature of air into No. 4 exchanger, OF - - 3 4 26 24 25 | 18 13
41 Femperature of air out of No. 4 exchenger, OF - 260 | 256 280 [ 280~-323 | 288-302 268 343
Air temperature rise, OF - - = = - - - - - = - 277 251 254 | 256-299 | 263=2717 250 330

‘Heat to air, Btu/hr - = = = = =« = = = = - - - -[169,000 [173,000 | 175,000 | 181,000 | 211,000 | 169,000 |172,000

Air temperstures, °F L 174,000 | 192,000

A7 Air into gap, 8t8¢ 20 = = = = ~ = = - - - - - = 185 180 198 182 186 185 208
A8 Xr at upper gap exit, sta. 20 - - -~ - -~ - = - — 53 71 60 55 64 58

A9 Air et lower gap oxit, 8ta, 0 =~ - - - - - - - - 53 66 56 1 64 11

Al4 Air In wing near ailleron gap, sta, 20 ~ ~ = « - - 50 40 35 39 41 35

ALl KIr Tnto gap, sta. 2’2‘1725- ----------- 228 220 — 245 2435 245 231 295

X} Alr into gap, 648. 26 = = = = « = = = = = = = = 223 216 2351 282 237 | 221 | 272

/X Xir at upper gap exit, sta, ¢5 - - = - - - - = == 6 93 84 79 84 76

x6 Air at lower gap exit, sta. 26 = = -~ = - = - = — 10 1%7 90 78 | 121 )

AlS Air in wing near alleron gap, sta. 24-172 -~ - - - 40 47 45 47 41 41

K10 Kir into Z%p, ete . F‘—Lg ------------- 213 209 | 229 219 27 214 256

AY Air Into gep, 8tae 86 - = - ~ - =~ = = = = = - = 155 190 206 192 —201 193 217

A2 Afr at upper gap exit, sta. 33 = = = = = = « = -= 97 106 90 94 100 85

i3 Air at lower gep exit, Sta, 33 = = - = - - - - - 97 107 90 85 102 85

A2 | Air in wing near sileron gap, sta. 52 ~ - - - - - 65 80 61 69 73 69
— A28 Air into gap, wing tip, ste. 36 = - - - - - - - - 91 97 86 88 102 65

Skin temperatures, OF above ambient-air temp. _

876 Tntercooler air-intake lip at 5% chord, sta.l -- 39 21 21 27 42 35
—sT Carburetor mir-intake lip at 5% chord, sta.lbg - ~ 28 21 21 7 39 41
— 3% On nose, sta. 20 - = - - - ~ - - e == - 110 110 60 54 66 106 L

526 Upper at 3% ohord, 8ta, 20 - - = = - = = = = = - 97 68 58 66 7 78
827 Lower at 3% chord, sta, 20 - - - = - ~ - - - - — 93 56 iz 44 91 66

528 Upper at 6% chord, sta, 20 - - - = = - -« = = - — 43 37 27 31 45 41

529 Tower at 6% chord, sta. 20 - = = - = = = - = - -- 60 40 25 25 60 40

830 Upper at 13% chord, 8ta, €0 = = = = = = = = = = - 32 24 16 20 32 29
331 Tower at 13% chord, 8ta. 20 = = = = = - = = = = - 36 28 12 14 37 28
839 Upper near aileron gap, 8ta, 20 = -~ - ~ = - = = — 16 10 6 3 16 20
520 On nose, sta. 22-1/2 = = = = = = = = = = = - - 175 | 73 156 119 154 164 177

S21 Upper et 3k chord, 8ta. 22-1/2 = = = = = = = — 138 92 76 ~ 78 91 117
T s2T Lower et 5% chord, sta, 28~1/2 - - - = = - - - - 143 124 93 113 138 129




o

— 823 Upper at 124 chord, 8te, 22=1/2 - = = = = = - = — 59 54 46 51 658 66
~ 524 Tower at 12% chord, sta, 28=1/¢ = = = ~ = = = = — 107 60 41 13 101 64
— 313 On ncse, 6t, 26 = = = = = - = = = = - = = - - 143 143 129 89 113 137 113
514 Upper at 4% chord, 8ta, 256 - = = = =~ = = = ~ = 128 126 119 89 g7 117 110
815 | Lower at 4% ohord, sta. 20 = = - - = - - - - -] 148 143 157 ) 110 137 120
~ 816 Joper at Bk chord, stea. 26 - - - - = - = - - = 66 66 60 49 55 63 65
317 Tower at % chord, 8ta. 26 - « - = - - = - - = 103 107 106 19 55 112 89
318 Upper at 13% chord, sta, 26 ~ = = « - = = - - - 52 51 47 38 43 58 43
319 Tower at 13% ohord, 6LBe 20 =~ = = - = - = - - - 73 87 88 41 44 98 55
852 Upper at ¢o% chord, sta, 24~1/¢ - - = = = - - - — 27 26 16 19 30 32
853 Lower at 26% chord, &ta, 24-1/2 - - - - - -~ - - - 35 14 1 16 22 26
533 Upper at 55% ohord, sta. 24-1/2 - - - - ~ - - - — 22 19 13 16 27 31
53t "‘r%%r at 05% chord, 8ta. 24=1/2 = = = =~ = = = = - 22 14 7 11 191 21
~ 854 Upper at 50k chord, sta, 24-1/2 - = = = = - = = - 17 1 12 13 28 25
— 855 Lower at 0% chord, sth, 24-1/2 - ~ = = - « - - — 14 (] 7 3 19 T
— 535 Upper at 66% ohord, sta, 24-1/2 -~ - - - - --- -- 17 14 7 11 12 25
536 Lower at 65% chord, sta. 24-1/¢ = = = = = - - = - 8 5 [ 14 17
S37 Upper near sileron gap, 8ta, 24-1/2 - = - ~ - - - 13 1 6 3 21 22
338 Tower near aileron gap, ste. 24-1/2 - - - = - ~ -= 13 (] 4 6 16 16
38 On nose, Btae 29 = = ~ = = = = < = = - =< - = 151 127 ] 79 2 122
39 Upper at 3% chord, sta, 29 - = = - = - - ~ - 117 110 85 75 108 107
— 310 Lower at 3% chord, sta, 29 - - - - - = - = = - - 134 1 86 101 150 98
TSI Upper at 10K chord, 8te. 29 = = = = = = -~ - ~ - - 64 56 51 86 64 61
312 ~Lower at 10% chord, 8ta. £ - = - -~ - - - - - - - 106 94 52 54 104 70
3! On nose, 8tae 03 == = = = = = = = - - - - = 101 99 8 61 63 L] 78
52 Upper at 5% chord, sta, 88 - -~ - - - - ~ - = - 13 133 126 92 93 126 | 108
53 Tower at 5% chord, sta. oo - = - = 101 98 92 i} Ti o 96
8¢ Upper at %chord, Bta, 36 - - - - - - ~ - 67 66 60 52 (3 65 6C
85 Tower at 6% chord, 868, 36 = ~ -~ - - = = = = - 103 100 9¢ 55 " 62 99 69
86 Upper at 11% chord, 8t8. 66 = = - ~ - = « = - = 69 66 60 4 50 66 60
37 Lower at 11% chord, sta. 88 - = = - = = - = = ~ 73 73 70 4 44 7 51
532 Upper at 66% ohord, sta. 62 - - = = - = - - - - — 19 13 18 27 28
556 On nose, wing tip, stae 35 - = =« = = = = = =« - 31 35 b 22 19 4 28
557 Upper, wing tip at bk chord, sta. 35 = = - = - 31 35 25 21 43 <3
— %55 "Lo'emr-,_wi_ﬂa—nLﬂpLa-t_sf chord, sta, 35 = - = = - 14 17 11 1 7 33 12
Structure temperatures, °F _

M3 On rib st 74 chord, stae. 20 =~ = = - = = = = - = - 83 90 80 88 87 89
2 On rib at 7% chord, 8te. 26 - = = -~ - = = = = = - 110 123 TI0 123 118 T8
1} On rib et 7% ohord, 8ta, S5 = = = = = =~ -~ = - - -— 108 110 95 110 110 103

Numbers correspond to thermocouple locatione on figure 3,
3Plights in dry air. N

Nsasured at 5-inch venturi.



TABLE IV

RESULTS OF FLIGHT TESTS OF THE THERMAL ICE-PREVENTION EQUIPMENT IESTALLED
IN THE RIGHT WING INNER PANEL AND THE EMPERNAGE OF THE XB-~-17F AIRPLANE

9¢

Test mumber 1 12 3 4 5 1g 7
L _ - _ A
Pressure altitude, ft - = ~ - - - - - - == =| 757100 4250 3850 4150 4000 4000 9500
Corrected indicated airspeed, mph = - = - = = 176 170 170 | 172-150 | 180-156 170 -
Ambient-air temperature, ’%F‘- - - - - - - 3 3 — 26 24 25 19 13
Temperature of air out of No. 3 exohanger,°F 279 234 310 [ 298-334 | S04-319 279 346
Air temperature rise, OF - = « -~ - = - - - - 276 | 229 | 264 | 274-310 | 279-294 260 353
Welght of air to empennage, 1b/hr - - - - - - 2200 3020 | 2520 2680-2600 BOA0-2840| 2980 | 2420
SHeat to air,, Wo. 3 exchanger, Btu/hr - - -| 146,000 | 166,000 |199,000] 180,000 | 204,000 |186,000 {194,000
Wing inner-panel air temperatures, °F 184,000 | 201,000
In duct at 4% chord, sta, 8 - - - = - - - - - 189 176 230 232 229 208 257
At gap exit at 4% ochord, sta, 9 -~ - - - - = - - 41 60 54 51 55 5T

Wing inner~panel skin temperatures,
OF above ambient-air temperature

Lower at 3-1/2% chord, sta. § - - - - - - - - 103 81 104 85 70 104 131
Lower at 1% chord, 8ta. 9 - = = = = = = = = - 86 Tl 80 53 49 80 97

Onmose, sthe 9 - = - - = - < = = = = = = = = 67 60 57 3] 43 64 60

Upper at 1% ohord, 8%a, 9 = = - = = = - = = = (Y] 33 28 18 16 a4 30
Upper at 3-1/2% chord, sta, 9 = = = = — = - = 24 | 8 14 2 ~2 23 19

Wing inner-panel structure temperatures, °F

On rib at 3% chord, sta. 9 = = o @ = = = = = .- - 78 71 67 77 77

Right stabilizer air temperatures, °F

Air into gap, inboard sta, = « = « = = « = -~ 64 60 115 122 125 88 131

At upper gap exit, inboard sta, - - - = = = - — 11 350 26 29 29

At lower gap exit, inboard ste, - = = = - - = - 19 49 46 50 1 a3
Alr into gap, oenter sta. ~ - = = = ~ - - - - Kid — 70 106 106 104 108 113

A% upper gap exit, center sta., - - - - - - - — 30 56 32 31 Gid 78
At lower gap exit, center sta, = - - - - - - - 55 77 68 76 — 80 75
Air inio gap, outboard sta, = = = - - = = - - 59 56 89 ~ 85 89 86 935
Air at upper gep exit, outboard sta, - - - - - 27 45 44 42 53 45

Air at lower gap exit, outboard sta, - = = - — 27 48 44 46 55 60




Right stabilizer skin temperatures,
®F above ambient-air temperature

5§67 On nose, inboard stae = = = = « = = = - = - ~ 27 27 27 25 27 26 53
568 Upper near air exit, inboard stae -« - - - - - 11 9 9 4 .5 15
869 Lowsr nea: air exit, inboard sta, - = - - = - 14 16 20 20 21 10 27T
862 On nose, center sta, ~ - = - - = = = = - - - o4 48 37 35 32 55 60
863 Upper near air exit, center sta, - - - - - - bl 37 26 9 [] 15 44
58T Lower near air exit, oenter sta. = = - - - - 47 33 34 Z8 31 45 38
565 Upper at cU% cherd, center sta, - = = = - - ~ — 10 0 4 6 14
866 Lower at 20K ohord, center sta. - — - - - = - — 1 11 [ 7 L 13
559 On nose, outboard sta. = - = « = = = = = - - 34 Y] K id 50 40 60 65
o 360 Upper near air exit, outboard ste, = = = — = 21 24 — 21 23 —2 [ 32
S 86l Tower near air exit, outboard sta, - - - - - . 34 ~ 35 s — 23 1 34 L
';: Right stabilizer strutture temperature, °F
8 o On rib, inboard sta, = = = = = - = = = = - - - 32 66 66 65 60 68
) On rib, at midspan = = - - - = - = - - - - - — 65 — 108 108 106 I&_LTE_
5~ W8 On spar baffle, outboard sta, - - - - - - - - - 30 57 53 55 56 50
E Dorsal air temperatures, °F
A2 Air into gap, bottom sta, = ~ = « - - - - ~ - 202 187 250 263 268 230 ==
'S~ A25 Air into gap, top 6tA, - = = = < = - = = - - 124 111 174 187 196 156 200
B K26 KIr at Teft gap oxit, top sta. - - - - - - = — 85 52 5 56 63 54
TTTAZT Alr at right gep exit, top sta. - - = = - - - - 25 48 Z8 $5 43 39
Dorsal skin temperatures, °F :
above ambient-air temperature j
S49 On nose, top stae = = = = = = =« = - -~ -- 49 48 46 42 45 59 65
) Lot skin near air exit, top sta. - - = - - - 37 35 3 14 12 33 53
351 Right skin near air exit, top sta, = - - - = 44 15 48 52 52 56 60
Dorsal structure temperature, °F
M7 - 82 156 139 146 122 151

On rib, top stae = = = = « = = - - - ----

L2



TABLE IV (Concluded) ]
‘Thermo- 2 2

couple Test number r 1 2 3 4 5 6 ?

number
Fin eir temperatures, 5?

AlS Air into gap, bottom sta. - - - - - - - - - - 184 169 222 236 239 - 250
AT At right gap exit, bottom sta, - - - - - - - — 74 100 3 32 86 112
AIE Alr into gap, center sta, - = - - - - - - - - 88 83 123 130 128 121 140

A1S At left gap exit, center sta. — - - - = - - - - 53 78 75 69 f:H] 80
AZD At right gap exit, center sta. - - - - - - - — 29 52 36 33 51 40
A2Y Air into gap, top sta. - - - - ~ - - - - 25 26 52 51 56 1 57
A2 At Toft gap exit, top sta, - - - - - - - - - - 16 36 32 33 33
T AZ3 At right gap exit, top sta, — ~ — - ~ = -~ ~ — -= 17 44 36 43 42 33

Fin skin temperatures, °F above
amblent-air temperature

540 On nose, bottom stae = = = = = = - = = - - - 87 82 84 74 75 89 109
831 TeIt sXin near eir exit, bottom sta, - - - - == 35 30 25 '3 — 45 38
" 8§42 | Right skin near air exit, bottom sta. - - - - -= £ 35 19 11 38 52
843 nose, center sta, - - - - = = - - - ~ - - 58 48 50 36 40 61 78
544 Toft skin near air exit, center sta. - - - - - 40 41 36 37 48 61
845 Right skin near air exit, center sta, - - - - - 30 37 22 Fd 42 ~ 82
846 On nose, top sta, = = = = = = = = = = = ~ - ~ 17 16 16 12 14 21 24
8¢ Teft skin near air exit, top sta, - - - = ~ = - 15 13 9 11 16 17
848 Right skin near air exit, top sta, =~ = = - ~ - 10 13 9 11 16 22

Fin structurd temperatures, °F
M4 On spar baffle, bottom 8tas - = = = = « = « » v 32 60 69 69 52 60
M5 On spar baffle, at midspan = = = = = - = - - - 57 92 97 | 95 86 103
L. On sper baffle, top 6ta., = - ~ = ~ - = = ~ - = 18 [ 13 76 20

1Flights in dry air.

:lnaured at 6-inch venturi.

Based on air flow to empemnage, neglecting small amount of air flow to wing immer panel.



7TA8LE T

OBSERKATIONS OF THE WINOOWS OF JHE B~/7F ARPLANE LOURING FZ/G//?' Vad
ICING COND/IT/IONS, 7ES7 NUMNMBER 3.

wmwoow CESERVED /CING POENARKS WINOOW OBSERVED /CING REMARK'S
PILOTS WINOSH/IELD, 1 A-~S0LD CE FORMA, S/OEL WNOOWS, 74/L = A= LICHT SCATTERED
IRUE REAR LIEW. GV COMPARTAENT,; A [CE FORMATION.
B-NVO /CE, HEFT NSIDE VIEW. '
BY HEATING SYSTEM. Y. 2 E-CLEAR OF /CE.
CO-FILOTS WINOSHIELL ENTIRE WINOOW SUMVERS WINOOW, CLEAR aF /CE.
TRUE REAR VIEW. COVERED WITH (CE, || 7H4 S COMPBMTIENT,
COMPLETELY OBSCURY .
V/S/ON.
FICA-UP  WINOOW, CLEM® OF JC&
LH. SLIOING WINOOW BoTr wnnOOWs WERE|TAL SUN COMPARTMENT,)
WV AVLOTS COMMRTMEN] CLEAR OF /CE. 7 wW. g
NSIDE VIEW. R M.
ORI, A
_ FRONT OF FUSELAGE| - A-SOLID FAPHATIONS
REAR VIEW. or /K.
BOMOSNEHNT . WINOOW,. ENTIRE WINDOW B ENLED WiTH
. TRUE VIEW. SPECALED WITH /CE, .
COMAE L s g | PEArmoer cLesar e

COSCURING ¥/S/WV.

' UER GUN TURRET,
O VIEW.

A-SOLIOD FORMATION
OF [CE, REMANOER
CLEAR OF /CE.

WAIST G WVOOWS,
INS/IOE VIEW.

A-LIGHT7, SCATTERLED
[CE FORAIATION.

B-CLEAR OF /CE.

62




7ALLE XL

OLSERVATIONS OF JHE WINOOWS OF THE

B /75 ARLFLANE DURING FLIGHT /N
JCING CONDITIONS, TESTS NUMBER + £5

(014

wWinvoo v

OBSERVELD /CING

RENMARLAS

winvoow

OOSERVED /CING

RENMARKS

APSLOTS WINOSHIELD,
TAUE AREAR V/EW.

A-SOLIO CO/A7/NVG OF
/cE
B-NO /CE. HEFT CLEAR

BY HEATING SYSTEM.

CO-FILOTS WINOSHIELD,
TRUE FREAR V/EW.

SOLIZ COAIING OF
JCE ON ENTIRE

BALL G TLRRET
7O° VrrEW.

A—SOLIO COATING

QF /CE.

FENIANDER OF 7LRRET
CLEAR OF /CE

WINOOW, REG/ION A
MHEAVIER T AN
REGI/ION B.

VA4 JZ/D/{VG WoinOow
N PILOTE COMPARTMENT)
INSIODE VIEW, & M.
OPROSITE, :

—— WD

BOT4 WINOOWS WERE
CLEAR OF /CE.

WALST GV WINOOWS,
INS/OE V/IEW.

BOTH WINOOWS
SPECALED W7H /CE.

BOMBSIGHT: W/ NOOW,
L TRUE VIEW

RIDGES OF /CE,
COMPLETELY QBSCUFING
WiNoOoWw

S/IOE WNOWS, 74/L
GV COMPARTAMENT,
INS/OE V/EW.

BOTH WINDOWS
SPECKLED WITH /CE. -

GUNNVERS WINDOOW,
TAIL. GUN COMBARTMENT,
ARONT VIEW.

L4 - 57 oasemmran, 7wo |
RIDGES OF JCE OMY.
\F-L ATER COSSERVATION,
ENTIRE WINDOW

SPECALED WITH /CE. .

UPPER GUN TURRET,
TOP VIEW.

A-SOLIO COATING
oF /CE.

B-S0L/IO COATING
OF JCE HEAV/ER
THAN A,

REMAINOER OF TURRET
CLEAR OF /CE.

PICK-UP WINOOW,
JAIL GUN COMPARTMENT,
FRONT VIEW.

M—~<7R°S] OLSERVATION, TWO
SPOTS OF /ICE oMLY
(T-LATER OBSERVAIZON,
ENTIRE  WiNOOW
SAECHKLED WI7H [CE.

FRONT OF FUSELAGE,
REAR VIEW

lc-A106ES oF scE

A-SOLID -COArNG, LIGHT

/CE. :
8- 5OLID COATING, - ‘
MEAVIER THAN A,

REMANOER CLEAR
OF /CE :




YOVYKR

;
;

n g
y
4
3
N
i
5
g‘
4
:
3

thermal ice-prevention equipment has

T 314
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gu been installed.
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NACA Fig. 9
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rigure 9.~ Ghordwise distribution of the skin temperature

rise above ambient air temperature of the wing
outer panel leading edge at stations 25 and 33. Test num-
ber 1; ambient air temperature, 3° P.
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Figure 10.- Chordwise distribution of the skin temperature
rise above ambient air temperature of the wing .

outer panel leading edge at stations 20, 22 1/2, 25, 29

and 33. Test number 2} ambient air temperature, 4° F.




NACA Fig. 11
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Figure 11.- Chordwise distribution of the skin temperature

rise above ambient air temperature of the wing
outer panel leading edge at stations 20, 22 1/2, 25, 29
and 33. Test number 3; ambient air temperature, 260 F.




NACA Fig. 12
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FPigure 12.- Chordwise distribution of the skin temperature

rigse above ambient air temperature of the wing
outer panel leading edge at stations 20, 22 1/2, 25, 29
and 33. Test number 44 ambient air temperature, 240 F,
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Figure 13.- Chordwise distribution of the skin temperature

rise above ambient air temperature of the wing
outer panel leading edge at stations 20, 22 1/2. 25, 29
and 33. Test number 5; ambient air temperature, 25° F.
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NACA Fig. 15
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Figure 15.- Chordwise distribution of the skin temperature

rise above ambient air temperature of the wing
outer panel leading edge at stations 20, 22 1/2, 25, 29
and 33. Test number 7; ambient air temperature, 13° F.



NACA | Figs. 16,19

AAL

38608

Figure 16.- Rime-ice formation on the right-hand landing-

: light cover and on the unheated lsading edge at
the wing splice. The photograph was taken after landing
from test 7.

Figure 189.- Rime-ice formation on the lower 1lip and on the

turning vanes in the duct of the intercooler air
inlet located in the left wing leadi edge outboard of na-
celle 1, accumulated during test 7. n%Photogruphed after
landing.)
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NACA ' : Figs. 17,18

Figure 17.- Ice accumulation on the heated leading edge of
tne right-hand wing between nacelles 3 and 4
during test 7.

Figure 13.- Ice formation on the unheated leading edge of
the left wing between nacelles 1 and 23, test 7.




NACA : Figs. 20,21

Figure 30.~ Rime-ice formation on the unheated wing leading
edge and carburetor and intercooler air inlets

between the fuselage and the left inboard nacelle, accumu-

lated during test 7. (Photograph taken after landing.)

AAL

D /] »

Figure 31.- Rime-ice accumulations around the carburetor and

intercooler air inlets in the unheated wing lead-
ing edge between the fuselage and the right inboard nacelle
during test 7. (Photograph taken after landing.)



NACA Figs. 22,23
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Figure 23.- Ice accumulations on the leading edge of the
left horizontal stabilizer during flight of
February 23, 1943.
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Figure 23.- Glaze-ice accumulation on leading edge of the

right horizontal stabilizer at the tip, at mid-
span, and in scattered areas on the aft portion of the
double skin during tests 4 and 5.




Figure 34.- Ice formation on the ieft horizontal stabilizer
accusulated during testa 4 and 5.
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Figure 85.- Ice formation on the leading edge of the left
horizontal stabilizer tip, on the aft portion of

the double skin, and aft of the double skin on the upper and

lower surfaces, accumulated during tests 4 and 5.



NACA Figs. 26,27
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Figure 36.- Rime-ice accumulation on the left horizontal
stabilizer during test 7.

Figure 27.- Rime-ice accumulation on the right horizontal
stabilizer tip during test 7. Photograph taken
after landing.)



NACA Figs. 28,29

Figure 28.~ The ver-

. .. _.tical
stabilizer showing
ice accumulation on
the heated leading
edge in the region
of the dorsal and
fin joint, and on
the unheated forward
portion of the dor-
sal during tests 4
and 5. '

Figure 29.-~ The verti-

cal stabi-
lizer showing the ac-
cumulation of ice on
the leading edge of
the dorsal forward of
the heated double skin,
on the leading edge at
the junction of the
dorsal and fin, at the
fin tip, and aft of
the leading edge during
teste 4 and 5.
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NACA Figs. 30,35

Figure 30.- Rime-ice formation on the heated leading edge of
the vertical stabilizer at the junction of the

dorsal and fin, at the tip of the fin, and on the running

lights on the forward portion of the dorsal during test 7.

Figure 35.- Rime-icémfofmAtidn on the forward side of the

_ upper gun turret accumulated during test 7.
(Pnotoaraph taken after landing.)
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Pigure 31.~ Icing of pilot's (left) and copilot's (right) wind-.
shields during flight of February 33, 1943. The

photograph shows the partial protection afforded the heated
pilot's windshield.
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Figure 33.~ Ice accumulation on the pilot's heated windshield
during flight in icing, test 3.
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Figure 33.- Ice formation on the pilot's and copilot's windshield
during test 3. The lower portion of the heated pilot's
windshield (on the right) ie clear of ice.
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Figure 34.~ The pilot's (left) and copilot's (right) windshields during tests 4
and 5, after leaving the icing region. The heated pilot's windshield

is clear of ice.
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NACA Figs. 36,37

 AAL
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Figure 36.- Rime-ice accumulation on the forward edge of the

ball turret during test 7. (Photograph taken af-
ter landing.)

AAL..

Figure 37.- Rime~ice accumulation on the front of the fuse-

lage during test 7. (Photograph taken after
landing.)







NACA Fig. 38

Figure 38.- Ice formation on the left inboard engine cowl
accumulated during test 3.







NACA - Fig. 39

Figure 39.~ Ice formation on the right inboard engine cowl
accumulated during test 3.






NACA Figs. 40,43
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Figure 40.- The left engine nacelles showing ice accumula-
tions on tne lsading edge of the cowls, and on

tne lip of tne air inlet for the heat exchanger in the out-

boar3 nacelle (openeatn tne right nacelle) during test 7.

Figure 42.- Rime-ice accumulation on the unneated wing lead-
ing edge between the fuselage and the left in-
board nacelle during test 7.







Figure 41.~ The unheated wing leading edge, between the fusslage and the left in-
board nacelle, showing ice formation accumulated during test 3.
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NACA Figs. 43,44
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Figure 43.- Ice accumulations on the drift sight (left cen-

ter in photograph), loop-antenna housing, and
the left airspeed mast during test 7. (Photograph taken af=
ter landing.)

Figure 44.- Ice accumu-

lation on
the right airspeed mast
during test 7. (Photo-
graph taken after land=-
ing.)
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NACA Figs. 45,48

Figure 45.- Ice accumulations on the ice-indicating strut

and on the lead-in antenna wire of the liaison
radio. Photograph was taken after landing from test 7.

Figure 46.- Ice accumulation on the ice-indicating strut,

mounted on the left side of the fuselage at the
radio compartment during the flight on February 23, 1943.
(Pnotograph taken after landing.§
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